Tumor necrosis factor alpha (TNF-␣)-related apoptosis-inducing ligand (TRAIL) is
The cell surface death receptor ligand tumor necrosis factor alpha (TNF-␣)-related apoptosis inducing ligand (TRAIL) can selectively kill cancer cells while leaving most normal cells intact (3, 20) . While other members of the TNF family of death receptor ligands considered for cancer therapy (e.g., TNF-␣ and CD95L/FasL) exert significant toxicity, preclinical studies using TRAIL appear encouraging (4, 56, 64) . Recombinant TRAIL elicits little to no overt toxicity when administered systemically (4, 56, 64) . However, human hepatocytes appear susceptible to TRAIL-induced apoptosis in vitro (29, 52) . To circumvent this problem, other ways of activating TRAIL signaling have been suggested (26) , as well as using TRAIL in combination with other drugs that may prevent hepatotoxicity (52) . Variability in the preparations of recombinant TRAIL may also contribute to selective hepatotoxicity (37, 64) .
As with most promising cancer therapies, TRAIL is not universally lethal toward all cancer cells. Questions about what makes a cancer cell susceptible to TRAIL has led to discoveries about what controls TRAIL action (2) . TRAIL kills by binding one of two cell surface receptors, death receptor 4 (DR4, also known as APO2 and TRAILR1) or death receptor 5 (DR5, also known as TRAILR2, KILLER/DR5, and TRICK2). After binding TRAIL, these transmembrane receptors each assemble a death-inducing signaling complex (DISC): the DRs form homotrimers that signal through an adaptor protein, FADD, which recruits the apoptosis-initiating proteases caspase 8, which then self-activates and initiates a signaling cascade leading to apoptosis.
We have previously investigated which components of the TRAIL pathway are the key regulators of TRAIL resistance and sensitivity (11, 33) . During the course of our studies, we have identified several cell lines that are either highly resistant or sensitive to killing by TRAIL. Because c-myc is known to sensitize cells to many death stimuli, including TNF-␣ and CD95/Fas, we examined whether cells that were sensitive to TRAIL also had high c-myc expression (25, 34) . Here we present data showing a direct correlation between TRAIL sensitivity and constitutive levels of c-myc expression. We tested this relationship and found that knocking down c-myc expression in sensitive cells diminished TRAIL action and expressing c-myc in resistant cells sensitized them to TRAIL. We also identified FLICE inhibitory protein (FLIP), also known as Casper, I-FLICE, CASH, FLAME-1, MRIT, CLARP, and otherwise noted, immune complexes were detected by chemiluminescence and visualized using film. Proteins detected by chemiluminescence were quantified using a GelDoc 2000 imaging system with Quantity One software (Bio-Rad, Hercules, Calif.). To quantify c-myc protein, the immunoblots were incubated with fluorescently labeled secondary antibodies (Alexa-Fluor-680 anti-rabbit to detect c-myc [Molecular Probes], and IRDye800-labeled anti-mouse to detect Ran [Rockland] ). An Odyssey infrared imaging system (LiCor, Lincoln, Neb.) was used to scan the immunoblot and quantify proteins. For immunohistochemistry of mouse tumor sections, rabbit anti-FLIP (LabVision, Fremont, Calif.) was used.
Adenovirus infections. A human c-myc-expressing adenovirus that coexpresses green fluorescent protein (Ad-cMyc-GFP) and an adenovirus expressing green fluorescent protein alone (Ad-GFP) were generated using the Ad-Easy System (24) . Adenovirus titers and infections were carried out as described previously (55) .
Real-time quantitative RT-PCR assay. Total RNA was prepared using the RNeasy minikit (Qiagen, Valencia, Calif.). TaqMan real-time quantitative reverse transcription-PCR (RT-PCR) was conducted as previously described using an Applied Biosystems 7700 sequence detector (10) . FLIP and GAPDH PCR amplifications were performed concurrently in the same well. The following primer and probe sequences were used: FLIP primers, 5Ј-CACCGAGACTAC GACAGCTTTGT-3Ј and 5Ј-GCCCTGAGTGAGTCTGATCCA-3Ј; FLIP probe, 5Ј-FAM-CATACACACTCTGGGAGCCTCCTCGG-TAMRA-3Ј; GAPDH primers, 5Ј-GAAGGTGAAGGTCGGAGTC-3Ј and 5Ј-GAAGATGGTGATGGGAT TTC-3Ј; GAPDH probe, 5Ј-VIC-CAAGCTTCCCGTTCTCAGCC-TAMRA-3Ј.
Apoptosis assays. (i) Activated caspase 3 analysis. The percentage of cells undergoing apoptosis was determined by measuring the active form of caspase 3 using flow cytometry. Cells were collected and fixed using the Cytofix/Cytoperm kit from Pharmingen. The fixed cells were suspended in 50 l of Perm/Wash buffer. An antibody that specifically recognizes the active form of caspase 3 and not the proenzyme (C92-605; BD Biosciences) was added to a final concentration of 0.25 g/sample. After a 20-min incubation and washing in Perm/Wash buffer, anti-rabbit Alexa-Fluor-647 R-phycoerythrin (Molecular Probes) was added to the cells (0.25 mg/50 ml). The cells were washed, and cells staining for GFP and Alexa-Fluor were counted. Experiments were performed in triplicate and repeated at least twice.
(ii) Propidium iodide staining. In separate experiments, cells stained with prodium iodide were analyzed by flow cytometry for sub-G 1 DNA content as described previously (51) .
(iii) Annexin V staining. Cells were collected and incubated with red-shifted phycoerythrin-conjugated recombinant human annexin V (CalTag, Burlingame, Calif.), and fluorescence was analyzed by flow cytometry using a Coulter-Beckman Elite Epics sorter.
Luciferase assays. U2OS cells were plated in six-well plates and transfected using 4 l of Lipofectamine2000 reagent (Invitrogen) plus a total of 4 g of DNA. In all experiments, 0.1 g of pCMV-␤-galactosidase plasmid was added to measure transfection efficicency. In all experiments, 0.1 g of pGL3-FLIP promoter-luciferase reporter plasmid or pGL3-basic was added. In experiments investigating c-myc, 3.2 g of pCDNA3-c-myc or pCDNA3 was added. In other experiments, 1.6 g of pFlag-Miz-1, pFlag-YY1, or pFlag, with 1.6 g of pCDNA3-c-myc or pCDNA3, was used. At 24 hr after transfection, the cells were collected and luciferase activity was measured using the Luciferase assay system (Promega). Light units were normalized to ␤-galactosidase activity to control for transfection efficiency. There were no unexpected variations in ␤-galactosidase activity under the various transfection conditions. Results shown are from at least three separate experiments.
Chromatin immunoprecipitation. A total of 3 ϫ 10 6 U2OS cells were plated in a T75 flask, serum starved for 2 days, and infected with control or c-mycexpressing adenovirus for 24 h. The chromatin immunoprecipitation assay was performed as previously described (40) with a second immunoprecipitation step as described previously (68) and the following modifications. Chromatin was incubated with 10 g of anti-c-myc antibody (N-262; Santa Cruz) or rabbit immunoglobulin (IgG) overnight, and immunocomplexes were collected by incubation for 4 h with protein-A/G agarose beads (Invitrogen). After being washed, the protein-DNA complexes were eluted with two successive incubations in 100 l of 10 mM Tris-HCl (pH 8.0)-1 mM dithiothreitol-0.5% sodium dodecyl sulfate for 10 min. Iodoacetamide was added to a final concentration of 5 mM for 15 min to neutralize the dithiothreitol. Samples were diluted with 700 l of dilution buffer (40) , and the immunoprecipitation was repeated. After the DNAprotein complexes were eluted, the following were added: iodoacetamide (5 mM for 15 min), RNase A (50 g/ml for 15 min at 37°C), and proteinase K (200 g/ml for 30 min at 45°C). Cross-links were reversed by heating at 65°C for 6 h. DNA was phenol-chloroform extracted twice, chloroform extracted once, and ethanol 8542 RICCI ET AL. MOL. CELL. BIOL.
precipitated. PCR amplification was performed using FastStart Taq polymerase (Roche). The primer pair used for amplification of the FLIP promoter corresponds to positions ϩ159 to ϩ300 relative to the proposed transcriptional start site (23) . The primer sequences were as follows: forward primer, 5Ј-GTGTAG GAGAGAAGCGCCGCGAAC-3Ј; reverse primer, 5Ј-GGACTCTCCTGC CGCTGCCACCTC-3Ј. The primers used to amplify c-myc binding sites of the CAD gene were as follows: forward primer, 5Ј-TCTCTGCTGCTGCCGC CAAG-3Ј; reverse primer, 5Ј-ACCGACCCGTCCTCCAACAC-3Ј. Transfection of siRNA oligonucleotides and pSUPER constructs. The c-myc double-stranded SMARTPOOL siRNA oligonucleotides and double-stranded siRNA oligonucleotides corresponding to firefly luciferase (19) were purchased from Dharmacon Research (Lafayette, Colo.). Oligofectamine (Invitrogen) was used to transfect H460 and SW480 cells and Lipofectamine2000 was used to transfect HCT116 cells with siRNA oligonucleotides and plasmid DNA as specified by the manufacturers.
Mouse models of tumorigenesis. (i) Constitutive c-myc expression model.
Ki-ras-transformed p53
Ϫ/Ϫ murine colonocytes were cultured as described previously (58) . myc-overexpressing cells were derived by infection of Ki-ras colonocytes with a pMIGR1 retrovirus (53) encoding human c-myc together with enhanced GFP (EGFP) and purified by cell sorting. For tumor studies, 2 ϫ 10 6 Ki-ras-or Ki-ras/c-myc-expressing colonocytes were injected subcutaneously into syngeneic C57BL6/J mice (The Jackson Laboratory, Bar Harbor, Maine). Animals were sacrificed after 15 days, and tumors were either fixed in buffered formalin or rapidly frozen for protein extraction. Serial 5-m paraffin sections were prepared. Deparaffinized sections were heated for 15 min in 0.01 M citrate buffer (pH 6.2) in a microwave oven for antigen retrieval. The sections were then immunostained by the avidin-biotinylated enzyme complex peroxidase method (Vector Labs, Burlingame, Calif.) and subjected to a weak hematoxylin counterstain. For Western blotting, frozen tumor tissues were ground to powder by using a mortar and pestle. Proteins were extracted in RIPA buffer on ice for 30 min. After the protein content was determined using the DC protein assay kit (Bio-Rad), lysates were mixed with 2ϫ Laemmli buffer and boiled for 5 min.
(ii) Conditional c-myc expression model. myc-ER-induced hematopoietic neoplasms were generated as described previously for constitutive myc-induced tumors (69, 70) . myc-ER was activated by daily intraperitoneal injections of 1 mg of 4-hydroxytamoxifen (Sigma) resuspended in pharmacy-grade olive oil as described previously (50) . Total tumor RNAs were isolated, and reverse transcription of mRNA was performed using standard procedures. Real-time PCR analysis was performed by measuring SYBR Green incorporation using a LightCycler (Roche Diagnostics GmbH). The primers used to detect the mouse FLIP cDNA were 5Ј-CCACATCCGTGAAGAGACTTAC-3Ј and 5Ј-TCCAAG GAGAACCCTGAGTGAAC-3Ј and actin 5Ј-TTCGTTGCCGGTCCACA-3Ј and 5Ј-ACCAGCGCAGCGATATCG-3Ј. Results are presented as relative mRNA levels (Ct) expressed as 2 [30ϪCt] , where 2 is the assumed efficiency of PCR amplifications and 30 is the total number of cycles performed.
TRAIL DISC immunoprecipitation. WI38-Myc-ER cells were suspended by treatment with trypsin and then treated with 1 g of anti-6x-histidine antibody per ml with or without 100 ng of His-tagged recombinant human soluble TRAIL per ml for 30 min. Ice-cold phosphate-buffered saline (4 ml) was added to stop the reaction, and cells were collected by centrifugation (270 ϫ g) at 4°C. The cells were washed in phosphate-buffered saline again and collected. They were lysed in 1 ml of lysis buffer (30 mM Tris-Cl [pH 7.5], 150 mM NaCl, 10% glycerol, 1 % Triton X-100, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail [Complete Mini; Roche]) for 30 min on ice, and debris was pelleted by microcentrifugation for 15 min at maximum speed. The supernatant was collected, and 30 l was removed for input analysis. Protein G-conjugated agarose beads (30 l of a 50% slurry) were added to immunoprecipitate DISC overnight by using end-over-end rotation. The beads were washed five times with lysis buffer, and protein complexes were eluted by addition of Laemmli sample buffer. Samples were boiled for 5 min, and proteins were separated by sodium dodacyl sulfatepolyacrylamide gel electrophoresis. Isotype-specific horseradish peroxidase secondary antibody (mouse IgG1; Southern Biotechnology Associates) was used in Western blottings to avoid cross-reacting bands.
RESULTS
TRAIL sensitivity correlates with high c-myc levels. Because c-myc is known to sensitize cells to signaling through the TNF-␣ (34) and CD95/Fas (25) receptors, we hypothesized that endogenous c-myc levels may contribute to TRAIL sensitivity. We have shown previously that some cancer cell lines are sensitive to TRAIL while others are resistant (33, 51) . We screened a panel of nine human cell lines, including cancer as well as normal diploid human fibroblasts (WI-38), for TRAILinduced cell death (Fig. 1A) . Exposing these cells to TRAIL for 6 h resulted in rapid death of the SW480, HCT116, and H460 cells, as shown by PARP cleavage. FADU cells are resistant due to a homozygous deletion in the DR4 gene and were excluded from further analysis (51) . We noticed a potential correlation between the levels of c-myc and sensitivity to TRAIL. To further examine and quantify whether a statistically significant correlation existed between c-myc and TRAIL sensitivity, we increased our panel to include 19 cell lines, attempting to add more TRAIL-sensitive cells and cells expressing high c-myc levels ( Fig. 1B to D) . Of the 19 cell lines, 6 showed significant sensitivity to TRAIL (at least 20% cells undergo apoptosis after a 6-h exposure to 50 ng of TRAIL per ml [ Fig. 1B] ). To accurately determine c-myc protein levels, we used an infrared imaging system to quantify proteins detected by fluorescently labeled secondary antibodies. Figure 1C shows the c-myc immunoblot, and Fig. 1D shows the quantification of c-myc protein normalized to the Ran loading control for the 19 cell lines shown in Fig. 1B . We performed two statistical analyses to test whether c-myc levels correlate with TRAIL sensitivity. First, we applied a chi-square analysis, positing that c-myc expression and TRAIL sensitivity are independent. We observed a significant difference between the number of TRAIL-sensitive cells expressing high c-myc levels and TRAIL-resistant cells expressing low c-myc levels ( 2 ϭ 4.59, P ϭ 0.032, if high c-myc is defined as the level above average, and 2 ϭ 9.97, P ϭ 0.0016, if high c-myc is defined as the level above the average plus 1 standard deviation). Because TRAILresistant cells may have defects in the death receptor signaling pathway (e.g., FADU cells [51] ) and because it is unclear if some of the TRAIL-resistant cells in our cell panel possess such defects, we used a second test to determine if there is a significant relationship between c-myc and TRAIL sensitivity. We examined the TRAIL-sensitive cell lines for a correlation with the c-myc level and observed a direct linear relationship between the two variables, with a strong correlation coefficient (r ϭ 0.941 [ Fig. 1E] ). We conclude from these data that (i) there is a strong probability that cells with above average c-myc levels (as defined using the cell panel shown in Fig. 1 as Ͼ0.118% Ran expression) will be sensitive to TRAIL and (ii) a direct linear relationship exists between c-myc levels and the amount of TRAIL-induced death in TRAIL-sensitive cells.
c-myc overexpression sensitizes TRAIL-resistant cells to TRAIL-mediated cell death. To investigate the pathway of c-myc induced apoptosis in human cells, we used a c-mycoverexpressing adenovirus (Ad-cMyc-GFP) and the GFP-expressing adenovirus Ad-GFP as a control. We used phorbol 12-myristate 13-acetate (PMA)-treated SkBr3 human breast cancer cells as a model to examine the c-myc transcriptional response (7, 46, 47) . When exposed to PMA, SkBr3 cells arrest in the G 1 phase of the cell cycle and endogenous levels of c-myc decrease rapidly (Fig. 1A) (7, 46, 47) . Infecting PMAtreated SkBr3 cells with a c-myc-expressing adenovirus provides a comparison between the c-myc-expressing human cells and those with diminished levels of endogenous c-myc. Addition of TRAIL for 6 h to c-myc-expressing cells resulted in apoptosis in the TRAIL-resistant cells, SAOS2, U2OS, WI-38, and SkBr3 ( Fig. 2A and B) . Treatment of these cells with TRAIL in the presence of serum or in serum-deprived medium did not result in significant cell death in uninfected cells (data not shown) or in Ad-GFP-infected cells. Since SAOS2 cells do not express p53 and since SkBr3 cells express a mutant p53 deficient in transcription, it appears that c-myc can sensitize cells to TRAIL independently of p53 activation. To confirm that TRAIL mediated a significant apoptotic response, normal human diploid fibroblast WI-38 cells were incubated for 24 h with TRAIL and stained with Coomassie blue (Fig. 2C) . Increasing amounts of TRAIL resulted in almost complete cell killing with higher doses of TRAIL (Fig. 2D ).
In addition, we generated early-passage stably transfected WI-38 cells expressing a myc-ER fusion protein. The myc-ER protein remains localized to the cytoplasm until the addition of 4-hydroxytamoxifen, resulting in the unmasking of the nuclear localization signal of c-myc (38) . Within 4 h, nascent mRNA transcripts are synthesized by transactivation of the nuclear myc-ER (data not shown). In agreement with data using cmyc-expressing adenovirus, activation of the myc-ER protein also significantly sensitized these normal cells to TRAIL ( Fig.  2E and F) .
c-myc decreases FLIP mRNA levels and protein expression. That c-myc can sensitize cells that are otherwise resistant to TRAIL is striking. In an effort to identify a mechanism of c-myc action, we investigated whether c-myc alters the expression of Bcl-X L and the short isoform of FLIP (FLIP S ). We examined these two proteins because we had previously identified each of them in a genetic screen as being sufficient to confer resistance to TRAIL in sensitive cells (11) , a finding recently confirmed by others (32) . Analysis of FLIP, Bcl-X L and Bcl-2, and the other DISC-associated proteins (FADD, caspase 8, and caspase 10) indicated that only the long FLIP isoform was decreased by c-myc expression in all four of the cell lines tested (Fig. 3A) . While many FLIP mRNA isoforms are present in most tissue types, only two are expressed at the protein levels, a 55-kDa variant (FLIP L ) and a 26-kDa form (FLIP S ) (35) . FLIP S is minimally or not expressed in SAOS2, U2OS, WI-38, and SkBr3 cells in comparison to FLIP L (data not shown). We quantified FLIP protein levels in c-myc-expressing cells and observed decreases in FLIP expression ranging from 46% in WI-38 cells to 60% in SkBr3 cells (Fig. 3B) . We also examined whether c-myc can regulate the TRAIL death receptors DR4 and DR5 and found modest increases in DR5 mRNA in three of the four cell lines examined and a significant increase in DR4 in one cell line (data not shown). If detected, there was no change in TRAIL decoy receptor mRNA levels after c-myc expression (data not shown). None of the proteins that make up the TRAIL DISC, with the exception of FLIP, nor the antiapoptotic Bcl family members Bcl-2 and Bcl-X L , varied in a clear and consistent manner with c-myc expression. Therefore, we focused on determining whether FLIP was a direct target of c-myc repression that mediates myc-induced sensitization to TRAIL.
We tested whether c-myc altered FLIP mRNA levels by performing quantitative RT-PCR analysis of the RNA derived from adenovirus-infected cells. We observed significant decreases (35 to 60%) in FLIP mRNA levels in all of the cell lines tested (Fig. 3C) . The range of repression of FLIP mRNA by c-myc is similar to the range of repression of FLIP (46 to 60%), suggesting that the regulation of FLIP by c-myc may be predominantly transcriptional. As further confirmation that c-myc represses FLIP transcription, we activated myc in three different myc-ER-expressing cells by using tamoxifen and examined FLIP mRNA levels (Fig. 3D) . We observed a c-myc-mediated reduction in FLIP mRNA levels in each of the cell lines tested, including normal HFF.
c-myc binds the FLIP promoter region and represses transcription. To verify that c-myc can interact with the endogenous FLIP promoter, we performed chromatin immunoprecipitation analysis. We found that c-myc specifically immunoprecipitated the FLIP promoter sequence (Fig. 3E) . Activation of c-myc function was confirmed by testing c-myc binding to the E-box-containing promoter region of the CAD gene, a well characterized c-myc target gene (8) .
Although more is known about how c-myc activates transcription than about how it can repress, it seems clear is that c-myc does not directly bind to DNA to exert transcriptional repression (65) . Instead, it binds to other transcription factors and represses their function. Thus far, Miz-1, SP-1, YY-1, TFII-1, Smad-2, and Smad-3, and NF-Y have all been implicated in c-myc-mediated repression (65) . Multiple splice variants of FLIP are found in the National Center for Biotechnology Information GenBank database, and no detailed analysis of the FLIP promoter has been reported. However, an analysis of human chromosome 2q33-q34, which includes the intronexon organization of FLIP, has been reported by Hadano et al. (23) . Of note, the transcriptional start site of the FLIP gene, (23) . Therefore, there may be more than one transcriptional initiation site within the human FLIP gene. To include these two potential transcriptional initiation sites in our analysis, we cloned a region encompassing ϳ1,200 bp upstream of the first FLIP exon designated in reference 23 and tested it for potential transcriptional regulation by c-myc (Fig. 3F) . Examination of this putative FLIP promoter regulatory sequence for known mediators of c-myc repression revealed eight potential Miz-1 binding Inr elements,
Py-Py(C)-A-N-(T/A)-Py-Py (12)
. One potential SP-1 site and one potential YY-1 binding site were also identified within the designated first exon (Fig. 3F) . Given the complexity of factors that may interact at the FLIP promoter, we restricted our initial examination to whether c-myc can repress this putative regulatory region. Transfection of a reporter plasmid containing the 1.2-kb putative FLIP regulatory region cloned upstream of the firefly luciferase cDNA in U2OS cells showed a 14-fold increase in luciferase activity compared to the control reporter (Fig. 3G) . Coexpressing c-myc reduced luciferase expression by more than 50% (Fig. 3G) . These results suggest that this DNA sequence has constitutive basal promoter activity and that c-myc can repress its transcriptional activity. To better delineate the sequences sensitive to c-myc, we removed 680 bp upstream of the transcriptional start site (positions Ϫ503 to ϩ 281). We found that the reduction in basal activity was minimal and that this sequence was still sensitive to c-myc (Fig. 3G) . Removal of 180 bp from the region downstream of the proposed transcriptional start site (positions Ϫ501 ϩ 102) (23) resulted in a significant decrease in activity (Fig. 3G) . The YY-1 binding site was removed in this construct, suggesting that it is potentially significant in regulating FLIP transcription. Because the potential SP-1 binding site still remains within this sequence, which has low basal activity, we eliminated it from further analyses. Both Miz-1 and YY-1 activate the FLIP reporter plasmids, and their activity is repressed by c-myc expression (Fig. 3H) . Curiously, the reporter plasmid containing bp Ϫ503 to ϩ281 of the FLIP promoter was less sensitive to activation by YY-1 than by Miz-1, even though this region contains the putative YY-1 binding site. We conclude from these data that the activation of the FLIP promoter may involve multiple interacting transcription factors, one or more of which is repressed by c-myc. c-myc expression in vivo represses FLIP. To confirm that our observations were reproducible in vivo, we examined FLIP expression in two different mouse models of myc-induced tumorigenesis. In the first model, we transduced c-myc into Kiras-transformed p53 Ϫ/Ϫ murine colonocytes (58) TRAIL-sensitive cells. Double-stranded siRNA oligonucleotides directed toward c-myc were transfected into H460, HCT116, and SW480 cells, resulting in significant reduction of c-myc protein levels in all three cell lines (Fig. 5A) . FLIP levels increased significantly in both HCT116 and SW480 cells but less so in H460 cells. To verify that other myc homologs were not expressed at significant levels in H460 cells, we examined L-myc and N-myc expression by RT-PCR (data not shown).
We detected L-myc mRNA expression in the three cell lines, but at much lower levels than c-myc, and there was no detectable N-myc. We have reported previously that cells become more strongly sensitized to TRAIL-induced apoptosis when arrested in G 0 /G 1 using serum deprivation (28) . We show (see Fig. 6D ) that knockdown of c-myc using siRNA in HCT116 cells (not treated with TRAIL) results in an increase in the G 1 phase and decreases in the S and G 2 phases of the cell cycle. Therefore, c-myc siRNA increases G 0 /G 1 arrest but decreases TRAIL sensitivity. We interpret these data to mean that the cell cycle effects of c-myc knockdown do not contribute to the decrease in TRAIL-induced apoptosis, but, rather, that the specific knockdown of c-myc levels mediates the desensitization to TRAIL. Knocking down c-myc levels and treating the cells with TRAIL significantly reduced the amount of TRAIL-induced death in HCT116 and SW480 cells but left H460 cells unaffected ( Fig. 5B and C) . As shown in Fig. 5B , c-myc knockdown significantly reduced TRAIL-induced pro-caspase 8 cleavage in HCT116 and SW480 cells. Reduced cleavage of caspase-8 in myc siRNA-treated cells corroborates the flow cytometry results (Fig. 5C ) that show less TRAIL-induced death in c-myc siRNA-treated cells. H460 cells underwent less cell death than HCT116 and SW480 cells after treatment with TRAIL under our experimental conditions, and knocking down c-myc expression did not desensitize the H460 cells to TRAIL. These results suggest that there may be different mechanisms of apoptotic activation in the H460 cells than in the HCT116 and SW480 cells. Interestingly, knockdown of c-myc reduced caspase 3 cleavage in the three cell lines (Fig. 5B) , suggesting that c-myc may affect other components of the apoptotic machinery that may impact mitochondrial cytochrome c release. It appears that this change in caspase 3 cleavage is not functionally significant in H460 cells, however, since there were no observed differences in TRAIL-induced cell death with or without c-myc knockdown (Fig. 5C ). While it is not entirely clear why c-myc knockdown does not affect TRAIL-induced death in H460 cells, we propose that the TRAIL DISC is not fully engaged in H460 cells, as seen by lack of caspase 8 cleavage in Fig. 5B , while it is fully engaged in HCT116 and SW480 cells. Therefore, the slight increase in FLIP expression by c-myc knockdown in H460 cells is apparently not functionally significant since the levels of TRAIL-induced cell death with or without c-myc siRNA do not change. The change in FLIP expression in HCT116 and SW480 cells after c-myc knockdown does appear to be functionally significant, however, because TRAIL-induced cleavage of caspase 8 is blocked after c-myc knockdown, suggesting that the TRAIL DISC is not fully engaged.
FLIP knockdown resensitizes cells to TRAIL. Examination of the relationship between c-myc and FLIP levels in TRAILsensitive cells (Fig. 1F) shows an inverse correlation between c-myc and FLIP (correlation coefficient ϭ Ϫ0.782). A similar inverse correlation between FLIP and TRAIL sensitivity in the TRAIL-sensitive cells also exists (correlation coefficient ϭ Ϫ0.783). These results suggest that an important relationship exists between c-myc expression, FLIP expression, and TRAIL sensitivity in the panel of TRAIL-sensitive cell lines used in these studies. To directly test the functional importance of FLIP repression by myc, we examined whether knocking down FLIP in c-myc siRNA-treated cells might resensitize these cells to TRAIL. Using plasmid vector-mediated expression of shorthairpin RNA sequences that would be processed in vivo to siRNA oligonucleotides, we identified two sequences that each elicit significant down-regulation of FLIP protein levels and sensitization to TRAIL (Fig. 6A) . We verified the combined FLIP and c-myc knockdown in HCT116 cells (Fig. 6B) and observed significant knockdown of c-myc protein and a modest but detectable knockdown of FLIP. Although knocking down FLIP in c-myc siRNA-treated cells resulted in FLIP protein levels that were similar to those in control cells without knockdown (Fig. 6B , compare the first and fourth lanes), the changes in caspase 8 cleavage and the amount of cell death were quite different ( Fig. 6C and D) . myc knockdown results in significant protection from TRAIL-induced pro-caspase 8 cleavage, with or without FLIP knockdown. However, the combined knockdown of c-myc and FLIP resulted in an increase in sub-G 1 DNA content and annexin V staining, compared to the effects of knocking down c-myc alone (Fig. 6D) , and in the amount of cleaved caspase 8 (Fig. 6C) . We interpret these results to mean that c-myc repression of FLIP expression plays a significant, but not a singular, role in the ability of c-myc to sensitize cells to TRAIL.
In an attempt to better determine the functional importance of FLIP repression by c-myc in TRAIL sensitization, we examined whether FLIP levels were affected by c-myc at the TRAIL-induced DISC in WI-38 myc-ER cells (Fig. 6E) . Cells with activated c-myc had lower levels of FLIP protein. The TRAIL-induced DISC of tamoxifen-treated cells had no detectable uncleaved FLIP, unlike the DISC of cells not treated with tamoxifen. Also, cells treated with tamoxifen had more cleaved FLIP at the DISC than did cells not treated with tamoxifen. We also found more pro-caspase 8 and cleaved caspase 8 at the DISC of cells with activated c-myc. We interpret these results to mean that c-myc activation enhances DISC activation, resulting in more caspase 8 and FLIP cleavage. It appears that cleaved FLIP at the DISC of c-myc-expressing cells, under these conditions, does not inhibit caspase-8 cleavage. These results agree with the emerging paradigm that, unlike the short form of FLIP, the processed form of FLIP L is not a universal inhibitor of caspase 8 activation (36) . Instead, it has been shown recently that low levels of FLIP can activate caspase 8 at the DISC while high levels of FLIP block its activation (13, 45) . Therefore, c-myc repression of FLIP expression reduces the amount of FLIP available sufficiently to block caspase 8 activation, resulting in increased amounts of cleaved caspase 8 and cleaved FLIP at the DISC. It is also possible that low FLIP levels in cells with activated c-myc may act to enhance caspase 8 activation at the TRAIL DISC.
As another method to examine the importance of FLIP repression by myc in the TRAIL response, we generated stable U20S cells that express FLIP under a tetracycline-driven promoter. We found the basal expression of FLIP in these cells to be slightly higher than in control cells and used these cells without the addition of tetracycline for our experiment. We compared the effects of TRAIL after treatment with c-mycexpressing adenovirus and found that cells expressing exogenous FLIP became resistant to c-myc-induced TRAIL sensitization (Fig. 6F) . This experiment adds support to our hypothesis that c-myc can sensitize cells to TRAIL by specifically repressing FLIP expression.
We conclude from these combined results that FLIP levels play a critical role in activation of the TRAIL DISC. High FLIP levels overcame c-myc-induced TRAIL sensitization (Fig. 6F) . Repressing FLIP expression in myc-ER-activated cells resulted in increased caspase 8 and FLIP cleavage at the DISC (Fig. 6E) . Reducing FLIP levels in c-myc siRNA-treated cells increased their sensitization to TRAIL but did not recapitulate the TRAIL-induced death phenotype if c-myc levels were elevated (Fig. 6B to D) . Therefore, it appears that c-myc may affect other components of the TRAIL signaling pathway, e.g., DR4 or DR5, that may contribute to the sensitization to TRAIL seen in high-c-myc-expressing cells. In our analysis, however, FLIP is the only DISC member that we identified to be universally and directly regulated by c-myc.
DISCUSSION
TRAIL holds great potential as an anticancer agent. It can selectively kill cancer cells while leaving most normal cells unharmed. However, not all cancer cells are sensitive to TRAIL. An interesting hypothesis that emerges from the present studies is that high c-myc levels may be an Achilles' heel of cancer cells regarding susceptibility to TRAIL. It is well established that FLIP expression is an important variable determining TRAIL sensitivity (11, 33, 63) . In the data we present here, we have shown that c-myc can repress FLIP transcription and thereby promote TRAIL sensitivity. While this direct connection has not been investigated before, previous studies have hinted at a connection between c-myc expression, FLIP levels, and TRAIL sensitivity.
For example, an association between c-myc expression, TRAIL sensitivity, and FLIP levels in studies using Burkitt's lymphoma (BL) cell lines has emerged. All BL tumors share the translocation of Ig and MYC genes (reviewed in reference 42). BL is associated with Epstein-Barr virus (EBV) infection, although the pathogenetic mechanisms leading to c-myc translocation remain less well understood. A recent study examined BL cell lines for TRAIL sensitivity and found a strong correlation with negative EBV status and sensitivity to TRAIL (48) . Three of the EBV-positive TRAIL-resistant cell lines described in reference 48 were found to have high FLIP mRNA and protein levels (61) . While neither of these studies examined the BL lines for c-myc expression, other studies found, using matched pairs of EBV-positive and -negative BL cells, that EBV-positive BL cells have significantly decreased c-myc levels (6, 57) . Therefore, an association exists in BL cells, correlating reduced TRAIL sensitivity with positive EBV status, low c-myc expression, and high FLIP levels.
Also in agreement with our findings, N-myc, the c-myc homologue found overexpressed in neuroblastomas, while not shown to sensitize resistant cells, was found to increase the apoptotic response to a high dose of TRAIL (39) . Another recent report showed that c-myc expression accelerated interleukin-6 (IL-6)-mediated down-regulation of FLIP (1). While the mechanism by which c-myc collaborates with IL-6 to downregulate c-FLIP was not elucidated, our results provide a mechanism for c-myc-mediated FLIP repression that works in concert with IL-6. In a recent study examining the basal levels of DISC components in lung cancer cell lines, it was shown that small cell lung cancer cells with myc amplification were more resistant to TRAIL, had reduced expression of proapoptotic DISC components, and showed increased expression of FLIP (59) . These findings, which may seem to contradict our conclusions, agree with our results using c-myc siRNA knockdown in H460 cells, a cancer cell line derived from the pleural effusion of a large cell lung carcinoma, and suggest that c-myc may not regulate TRAIL sensitivity in lung cancer. While we observed only a modest change in FLIP expression in H460 cells by c-myc siRNA, we did observe both dramatic protection by c-myc knockdown against TRAIL-induced death in colon cancer cells and a coincident increase in FLIP expression (Fig. 5) . In support of our findings, c-myc was recently found in a screen using a siRNA library to identify modulators of TRAIL-induced apoptosis in HeLa cervical adenocarcinoma cells (5) . The authors of that study did not explore why c-myc knockdown might sensitize cells to TRAIL but instead focused on c-myc regulation by the Wnt signaling pathway and found that siRNA to Wnt transducers TCF4 and DVL2 also regulated TRAIL sensitivity. We examined serial analysis of gene expression (SAGE) data collected by the Cancer Genome Anatomy Project of the National Cancer Institute (available at http://cgap.nci.nih.gov/ Genes/GeneFinder) for c-myc and FLIP expression in cDNA libraries constructed from normal and cancerous tissues. SAGE data were present for both c-myc and FLIP in 59 different cDNA libraries. We extracted expression values from these 59 cDNA libraries and found that 33 libraries (56%) had more c-myc expression than FLIP expression, 12 libraries (20%) had more FLIP expression than c-myc expression, and 14 libraries (24%) had equivalent c-myc and FLIP expression. Therefore, a total of 45 of 59 libraries (76%) had an inverse relationship between c-myc and FLIP expression. This trend is in agreement with the correlation we observed between c-myc and FLIP expression in the TRAIL-sensitive cells in our cell panel (Fig. 1F) . While a more comprehensive analysis of tissue types is necessary to confirm whether there is a universal inverse relationship between c-myc and FLIP expression that spans tissue types, the comparison of c-myc and FLIP expression by SAGE analysis gives in vivo significance to the potential for endogenous human c-myc to negatively regulate FLIP expression.
It is known that c-myc can induce apoptosis in cells deprived of survival factors (21) . Since this key observation was made, an emerging view to explain why an oncogene would induce apoptosis is that a cell's proliferative and apoptotic pathways are coupled and that apoptosis is suppressed as long as prosurvival signaling pathways are intact and activated (54) . Much work has been done to identify the genes regulated by c-myc, including SAGE gene expression analyses and genome-wide c-myc E-box binding studies (22, 44, 71) , but it is still not clear which c-myc targets are essential for the activation of apoptosis. For example, we found the proapoptotic Bcl family member Bax to be a transcriptional target of c-myc (47) , but this induction is not observed in all cell systems (31, 60) . However, recent observations using Bax Ϫ/Ϫ cells have concluded that Bax loss impairs c-myc-induced apoptosis (17, 31) and that c-myc binds to the Bax locus as documented by chromatin immunoprecipitation analysis (22, 71) . Repression of the prosurvival Bcl family members Bcl-2 and Bcl-X L by c-myc has also been reported (16, 18, 41) , but we show here that there is not a similar pattern of regulation by c-myc in all the cell lines we tested (Fig. 3A) . While exact mechanisms to explain c-mycinduced alterations of proteins involved in maintaining mitochondrial membrane integrity may not be consistent across cell and tissue types, c-myc does exert a powerful effect on the mitochondria (30, 31, 47, 60) .
We observed a direct linear correlation between c-myc levels and TRAIL sensitivity (Fig. 1E) . We also observed an inverse linear relationship between c-myc and FLIP in the TRAILsensitive cells (Fig. 1F) . We propose that c-myc regulates FLIP expression directly and that c-myc repression of FLIP contributes to TRAIL sensitivity. FLIP is an important regulator of death receptor-mediated apoptosis. Up-regulation of FLIP was detected in many tumors (9, 27, 62) , and expression of FLIP in transgenic mice results in escape from T-cell immune surveillance and subsequent tumor growth (15, 43) . FLIP inhibits death receptor-triggered apoptosis through its recruitment to the DISC and inhibition of caspase 8 cleavage. We observed that c-myc knockdown results in increased FLIP expression, reduced caspase 8 cleavage, and reduced sensitivity to TRAIL in HCT116 and SW480 cells. We also observed that reducing FLIP expression back to control levels in HCT116 cells (Fig. 6B) did not recapitulate the TRAIL response seen in the control cells (Fig. 6C and D) . However, we observed more full-length FLIP at the TRAIL DISC in cells without activated c-myc and more caspase 8 at the TRAIL DISC of cells with activated c-myc (Fig. 6E) , suggesting that c-myc enhances activation of the DISC. Because there is less FLIP in cells with activated c-myc and there is no detectable full-length FLIP at the DISC of these cells, we infer that c-myc repression of FLIP is sufficient to permit the efficient activation of the DISC. Furthermore, increased FLIP expression in TRAIL-resistant U2OS cells protects them from myc-induced sensitization to TRAIL (Fig. 6F) . We interpret these results to mean that FLIP is a significant target regulated by c-myc, but not necessarily a singular one, that contributes to the ability of c-myc to sensitize cells to TRAIL.
We propose that elevated c-myc expression in human cancers offer an opportunity for targeted destruction by TRAIL. Elevated or deregulated expression of c-myc has been identified in a wide range of human cancers including cancers of the breast, colon, and cervix, osteosarcomas, glioblastomas, melanomas, lymphomas, and leukemias (49) . Oncogenically activated c-myc is also often associated with aggressive, poorly differentiated tumors (49) . The observations shown here place the mechanism of c-myc sensitization to TRAIL upstream of the mitochondria. Therefore, elevated c-myc expression in cancer cells resistant to mitochondrial membrane destabilization, for example because of Bcl-2/Bcl-X L overexpression, may confer TRAIL sensitivity by repressing FLIP levels. In addition, p53 function is not an essential mediator of c-myc sensitization to TRAIL. We observed that FLIP expression was down-regulated consistently by c-myc in cell lines having wild-type, mutant, or deleted p53. Therefore, c-myc overexpression in tumors should still confer sensitivity to TRAIL irrespective of the p53 status. We suspect that a number of changes in human tumors that affect apoptotic signaling (e.g., FLIP, Bcl-2, Bcl-X L , and IAP family member) may influence the ability of a cell to undergo apoptosis in response to TRAIL. We do not propose here that FLIP is the only factor relevant to c-myc-induced sensitization to TRAIL, but it appears to be a significant one. In summary, c-myc plays an important role in determining cellular sensitivity to TRAIL. We propose the selective targeting of c-myc-overexpressing cancers by taking advantage of the ability of c-myc to repress FLIP transcription and sensitize cells to TRAIL.
